Transition-metal oxides with an ABO 3 perovskite structure exhibit strongly entangled structural and electronic degrees of freedom and thus, one expects to unveil exotic phases and properties by acting on the lattice through various external stimuli. Using the Jahn-Teller active praseodymium vanadate Pr 3+ V 3+ O 3 compound as a model system, we show that PrVO 3 Néel temperature T N can be raised by 40 K with respect to the bulk when grown as thin films. Using advanced experimental techniques, this enhancement is unambiguously ascribed to a tetragonality resulting from the epitaxial compressive strain experienced by the films. First-principles simulations not only confirm experimental results, but they also reveal that the strain promotes an unprecedented orbital-ordering of the V 3+ d electrons, strongly favoring antiferromagnetic interactions. These results show that an accurate control of structural aspects is the key for unveiling unexpected phases in oxides.
I. INTRODUCTION
Transition metal oxides with an ABO 3 perovskite structure are multi-functional materials displaying a large collection of properties such as ferroelectricity, metal-to-insulator transition, high T C superconductivity and colossal magneto-resistance (CMR) for instance [1] [2] [3] [4] .
This richness of physical behaviors emerges through strongly coupled structural, electronic and magnetic degrees of freedom, enabling possibilities to control the material's properties with external stimuli [5] . Among all approaches, strain engineering allowed by minute deposition of oxides as thin films on a range of commercially available substrates is likely the most adopted strategy to unveil hidden phases in bulk. Most striking examples achieved with strain engineering are (i) the observation of ferroelectricity in SrTiO 3 films under tensile epitaxial strain [6] , an otherwise quantum paralectric compound in bulk; (ii) the rich ferroelectric phase diagram of BiFeO 3 as a function of the applied epitaxial strain [7] or (iii) the control of magneto-resistive properties in R 1−x A x MnO 3 films (R=rare-earth, A=Ca, Sr) [8, 9] .
In the search of multi-functional materials with possibly unprecedented properties, one must consider materials with nearly degenerate ground states that could be tailored by epitaxial strain. Along with the widely studied rare-earth manganites [10] [11] [12] , rare-earth vanadate perovskites RVO 3 (R=Lu-La, Y) are prototypical compounds showing strongly coupled structural-spin-orbital properties [13, 14] . At high temperature, RVO 3 compounds are paramagnetic insulators adopting the usual orthorhombic P bnm symmetry displayed by perovskites and characterized by a − a − c + octahedral rotations. Due to the intrinsic instability displayed by the V 3+ t 2 2g electronic configuration [15] , a Jahn-Teller distortion appears and induces a symmetry lowering to a monoclinic P 2 1 /b structure at the temperature the c axis of alternating d xz and d yz orbitals -that is associated with a G-type AFM order at T N 2 .
It is obvious that the chemical pressure induced by A site cations dramatically influences the electronic and magnetic states of the vanadates. Likewise, external stimuli such as hydrostatic pressure or partial A site substitution can also tune the material properties [20, 21] .
Regarding thin films, a precise control of oxygen vacancies concentration in PrVO 3 grown on a SrTiO 3 substrate was recently shown to produce a substantial chemical strain, offering a pathway to modify the Néel temperature on a range of 30 K using a unique substrate type [22] . Nevertheless, basic questions remain largely unexplored in these compounds: can we tune the vanadate properties using various epitaxial strains, and eventually promote new electronic phases? Aiming at providing answers to these important questions, we have studied the effect of epitaxial strains on the praseodymium vanadate perovskite using advanced experimental techniques. We show that the Néel temperature can be continously raised by 40 K with respect to the bulk by increasing the compressive epitaxial strain. Our firstprinciples simulations confirm the experimentally observed trend for T N , but amazingly, they also reveal that this strong enhancement is associated with an unprecedented orbital-order of t 2g levels.
II. METHODS
Experiments: PrVO 3 (PVO) thin films (t ∼ 50 nm) were grown on various substrates such as (110)-YAlO 3 (YAO), (100)-LaAlO 3 (LAO), (100)-(La,Sr)(Al,Ta)O 3 (LSAT), and (100)-SrTiO 3 (STO) using the pulsed laser deposition (PLD) method. A KrF excimer laser (λ = 248 nm) with repetition rate of 2 Hz and laser fluence of ∼ 2 J/cm 2 was focused on stoichiometric ceramic targets. All the films used in this study were deposited at an optimum growth temperature (T G ) of 650 substrates) with respect to the bulk PVO (see Figure 1a ). (Figure 1d ). The X-ray reciprocal space mapping shows well-developed film peaks in the lower region and strong substrate peaks in the upper region for all the PVO films. Since the horizontal peak positions of the PVO film coincide with those of the substrate for both LSAT and STO, we deduce that the film is fully strained with the substrate, and has the same in-plane lattice constant. In the case of LAO, the small shift of the film peak to lower Q in value suggests an increase of the in-plane lattice parameter, and a partially relaxed film, which confirms a flexibility of the PVO structure for a large strain associated with large lattice mismatch of -2.9 %. Finally, we see that the PVO film is fully relaxed on YAO, indicating that the growth is not coherent for this peculiar substrate, which can be explained by large compressive lattice mismatch (-5.1%). Additionally, the film relaxes in order to minimize the accumulated strain energy [23, 27, 28] .
The PVO unit-cell volume (pseudo-cubic) was extracted and reported in table 1. The lattice volume is slightly reduced compared to the bulk value (59.36 Å 3 ) for PVO/YAO, PVO/LAO, PVO/LSAT and increased for PVO/STO. This means that for tensile and compressive strain, the conservation of volume is not perfect due to non ideal Poisson's ratio [24] .
Moreover, the out-of-plane lattice parameter is well above the bulk value (3.901 Å) for all PVO films irrespective of the strain (compressive/tensile). This is due to low oxygen partial pressures used during the growth which induces oxygen vacancies in the film, resulting in an enhancement of lattice parameter [25, 26] . Nevertheless, with increase of the in-plane compressive strain, the out-of plane lattice parameter is enhanced as expected when going from LSAT to LAO substrate. The out-of-plane lattice parameter of PVO/YAO film is however much smaller, which is in agreement with a relaxed film as shown in Figure 1d .
The residual strain was calculated using : (table 1) . Furthermore, albeit the relaxing behavior of PVO film on YAO substrate, the calculated strain is larger than PVO/STO (see Figure 1d for RSM and table 1 for strain values). This inconsistency could be explained as below. As proposed by Herranz [25] , the STO substrate acts as oxygen reservoir during deposition and consequently the film behaves like a source of the oxygen vacancies. Therefore, oxygen vacancies tend to diffuse from film into the STO substrate, making film deficient of oxygen vacancies.
As a consequence, the strain in PVO/STO film is as a result of lattice mismatch which is significantly small (0.1%) and only partially due to oxygen vacancies. It is the other way round in PVO/YAO case i.e. the strain is induced by the oxygen vacancies in the film, and the impact of substrate in building the strain is minimum.
In order to obtain details of the microstructure, Transmission Electron Microscopy (TEM) studies were performed on cross-sectionnal thin lamellae prepared for each sample. The lamellae were oriented in order to observe both the out-of-plane axis, i.e. growth direction, and one in-plane axis, characteristic of the perovskite structure. The TEM study, through Electron Diffraction (ED), High Resolution TEM and Scanning-TEM imaging allowed a local characterization of the PVO films, in terms of orientation with respect to the substrate, evolution of the parameters (strain), nanostructure (domains) and quality of the film-substrate interface. A summary of the main observation is given in Table 1 of supporting information and more details can be found elsewhere [29] . The observed thickness of the PVO films is close to those calculated from XRD around 50 nm. The Selected Area Electron Diffraction (SAED) study is in complete agreement with X-ray Reciprocal Space Mapping. Almost no strain is observed on STO subtrate with a perfect adequation of in and out-of-plane lattice parameters (deduced from a perfect superposition of diffraction spots of substrate and film).
In the case of YAO substrate, two electron diffraction patterns can be clearly distinguished, one exhibiting YAO parameters and the second related to PVO parameters, along both in and out-of-plane directions (figure 2 in supporting information). Thus, there is almost no interaction between YAO substrate and PVO film.
On LSAT and LAO substrates, both parameters are influenced : the strain being compressive, the PVO in-plane lattice parameter is decreased to fit the one of the substrate, To investigate the effect of biaxial strain on the physical properties, the transport properties (ρ(T )) of PVO films were investigated (see section 4 of supporting information). The insulator-like ρ(T ) behavior was observed for PVO films on LAO, LSAT and YAO. On the contrary, the PVO/STO film displayed a conducting-like behavior, which is likely resulting from the presence of the oxygen vacancies in STO substrate [25, 26, 30, 31] .
To examine the effect of the biaxial strain on the magnetic properties of PVO films, the magnetization (M) of PVO films was measured as a function of the in-plane applied magnetic field (H ) and temperature (T ) (Figure 3, 4) .
At low T, all PVO films show a small magnetization with a hysteresis loop indicating two magnetic phases, a soft and a hard one ( figure 3a-d) . For instance, for PVO/STO, the soft contribution shows a coercive field H c at ∼ 0.2 T and the hard one at ∼ 1.8 T.
While, O. Copie et. al. already observed a soft ferromagnetic behavior for the bulk PVO (our case) with H c ∼ 0.019 T [22] , a hard ferromagnetic behavior was also reported for bulk PVO in Ref. [32, 33] . This discrepancy of coercivity between bulk and PVO films could be explained by the microstructure. The presence of different variants of the PVO orthorhombic cell (see TEM section) induces different pinning centers, and thus increases the energy to return the magnetization, similar to what is observed in the orthoferrite YFeO 3 [34] . Furthermore, it is interesting to note that the weightage of soft and hard magnetic [34] (Section 5 in supporting information). In addition, the fact that PVO/YAO film has a large percentage of soft component is interpreted as a behavior similar to the bulk PVO, since the film is fully relaxed (as shown by XRD and TEM measurements) and a small hard component might come from pinning centers due to the microstructure. Figure 3e shows variation of the coercivity (H c ) of hard magnetic phase as a function of the residual strain, whereas H c of soft phase remains constant at ∼ 0.2 T for all substrates. The coercivity of hard phase changes from 1.8 T for less strained PVO/STO film, to 3.6 T for PVO/LAO (figure 3e). This is presumably due to an increase of domain walls pinning strength in more strained films.
To understand the presence of soft and hard magnetic phases versus strain, the M-H measurements were performed at different temperatures i.e from 10 K to 100 K. Interestingly, it was observed that the soft component is present only at temperatures T < 20 K for PVO/STO and PVO/LSAT but persists up to ∼ 80-90 K for PVO/LAO (see section 5 of supporting information). This indicates the sensitivity of the soft phase for epitaxial strain and temperature and suggests a possible magnetic ordering in PVO films around these temperatures which triggers the rise of soft component, and will be discussed below.
In order to further investigate the effect of strain on the magnetization of PVO films, the Table 1 .
Clearly, a magnetic transition (T SO1 ) is observed for all the films with transition temperature ranging from 100 K for PVO/STO, to 172 K for PVO/LAO (inset of Figure 4a ). This corresponds to the magnetic transition from paramagnetic (PM) state to an antiferromagnetic (AFM) phase transition. While for bulk PrVO 3 , the transition at T SO1 was previously ascribed to the onset of a C-type spin ordering (C-SO) of the canted vanadium moments [16, 33] , for epitaxial PrVO 3 thin films, the substrate-induced strain results in a G-type SO [22] . The AFM Néel temperature (named T SO1 here) for PVO/STO is however different from our previous report, where T N ∼ 80 K was reported [26] . This discrepancy could be explained by different growth conditions (especially P O 2 = 10 −5 mbar, out-of-plane lattice parameter = 3.97 Å) which were adopted during deposition. More interesting is the remarkable difference of ∼ 70 K for the T N of PVO/LAO compared to PVO/STO. Notably, the MT curve also shows two other magnetic features at T SO2 and T SO3 for LAO, YAO and LSAT, while the former transition is strongly reduced for STO (T SO2 ∼ 30 K). These magnetic orderings were absent in bulk PrVO 3 [36] , but reported in other orthovanadates of smaller R ionic radii, with decreasing temperature [37] [38] [39] . It is worth noting that another Pr 3+ magnetic state may exist at the surface of the PVO film. Indeed, as it has been shown in DyTiO 3 thin films that over-oxidation at the surface could favor a higher valence state of the transition metal oxide [40] . As a consequence, it would favor V 4+ and then alter the exchange interactions with Pr ions, resulting in isolated paramagnetic Pr 3+ . Since the measured saturation magnetization remains low compared to 3.57 µ B expected for isolated Pr 3+ , it seems that over-oxidized surface contribution is rather small. However, the fact that the soft component contribution is modified by changing the substrate indicates rather a modification through the entire film and not only at the surface.
Also, similar to earlier reported for bulk PrVO 3 [17] , the praseodymium sublattice begins to get polarized due to presence of exchange field produced by the vanadium sublattice, resulting in a ferrimagnetic structure upon cooling. Here, a small hump at T ∼ 90 K is also seen, which could be the emergence of another type of spin configuration and/or a phase coexistence between C-SO and G-SO. This seems consistent with the modification of hysteresis loop as the temperature is lowered through T SO2 , due to switching of spins or change in the spin configuration (see section 5 of supporting information). However, the feature may be also just related to the overlap of transition regime T SO1 and T SO3 . Further magnetic analysis will be published elsewhere.
To understand further the relationship between the magnetic properties and strain or distortion (ratio of out-of-plane to in-plane lattice parameters), the T N versus lattice strain is plotted for the PVO films, as shown in Figure 4b To further explore the magnetic properties of PVO films and their dependence on strain, which lead to a tilting of BO 6 octahedra or change in the B-O-B bond angle [41] [42] [43] [44] [45] , it is necessary to have a complete knowledge of distortion of the structure and the VO 6 -octahedral rotation. From previous studies of strained oxide perovskites, the degree of rotation of BO 6 octahedra depends strongly on sign and the magnitude of the strain [44, 45] . Under tensile 
IV. FIRST-PRINCIPLES SIMULATIONS
To get further insights on the role of the epitaxial strain on the magnetic properties of PrVO 3 films, we have performed first-principles simulations using Density Functional Theory (DFT). Consistently with previous studies [22] , DFT correctly predicts that bulk This illustrates that not only cooperative octahedral-site rotation i.e rigid octahedra tilts and rotations may tune the physical properties but also octahedral-site disortion through electronic state modifications as reported for bulk orthorhombic perovskite [47, 48] . We show here that octahedral-site disortion can be driven by mechanical strain engineering and should be considered for other epitaxial orthorhombic perovskite thin films.
V. CONCLUSION
In conclusion, we have successfully grown single-phased PrVO and ARC project AIMED. First-principles calculations were performed at Abel supercom-
